Abstract
The earliest evidence of the LSE came from coreflood experiments using synthetic cores 120 containing sand and montmorillonite, Berea cores, and outcrop cores from Wyoming. In these 121 experiments, injecting brine containing <10,000ppm NaCl yielded higher recovery of Soltrol 122 in both secondary and tertiary waterfloods compared to brine containing up to 150,000ppm 123 NaCl (Bernard et al., 1967) . Improved oil recovery was associated with a significant increase 124 in pressure drop across the samples at the residual oil saturation. All cores were clay bearing, 125 although the Berea samples contained only trace amounts (Table 1) . Further indirect evidence 126 of the LSE in sandstones was provided by Yildiz and Morrow (1996) , who investigated the 127 impact of mono-and divalent ions on waterflooding using simple synthetic brines. Tang and 128 Morrow (1997) investigated the impact on oil recovery of aging and displacement temperature, 129 oil composition, and initial and invading brine salinity. The LSE was not specifically identified 130 in these studies; indeed, reducing the invading brine salinity was reported to yield only modest 131 recovery increases. Reducing the initial brine salinity was observed to have a much more 132 significant effect. The first comprehensive study of the LSE in sandstones was undertaken by 133 Morrow et al. (1998) and Tang and Morrow (1999a,b) who demonstrated that injection of low 134 salinity brine increased oil recovery in both secondary and tertiary mode. Table 1 These necessary conditions are qualitative; they are not sufficient to quantitatively predict the LSE was not observed. Thus they cannot be used to screen candidate reservoirs for low salinity 160 water injection. The supporting evidence for these conditions is discussed briefly in the 161 following sections.
163
Presence and type of clay minerals 164 It is widely agreed that clay minerals are required to observe the LSE effect in sandstones. The 165 importance of clay minerals was initially highlighted by Bernard (1967) and further 166 investigated by Tang and Morrow (1999a) , who claimed that the LSE was not observed in 167 clean sandstones, or sandstones in which clay minerals had been stabilised by firing and 168 acidizing. However, only one low salinity coreflood was reported in a clean sandstone, and 169 this contained an iron oxide coating which was interpreted to significantly modify the quartz Table 1 ). Some studies have observed the LSE in clay-free sandstones and prior to low salinity brine injection.
215
The majority of the evidence to support wettability alteration towards more water-wet 216 conditions when low salinity brine enters the pore-space has been obtained from core-scale SI 217 experiments. These have yielded higher imbibition rate and total oil production with decreased 218 salinity of the invading brine in both secondary and tertiary mode (e.g. Fig. 2a ). Measurements
219
of contact angle and/or oil wetting area at oil-brine-mineral interfaces have also shown a 220 decrease with decreasing salinity, consistent with a change to more water-wet conditions (e.g. (cryo-BIB-SEM) is casting doubt on the utility of contact-angle measurements to characterize 225 wettability (Schmatz et al., 2015) . Some evidence for wettability change is also provided by brine (NaCl+CaCl2) salinity of 1000ppm below which the LSE was observed (Fig. 4b ).
316
However, no model is available to predict this threshold value for a given COBR system. fines-coated mineral surfaces through one of the mechanisms discussed previously ( Fig. 5a ),
373
(ii) stripping of the mixed-wet fines during low salinity water injection, and (iii) accumulation
374
of the oil-bearing fines at the oil-water interface ( 
390
Contrary evidence: Numerous studies have observed the LSE without production of fines (e.g. salinity corefloods (e.g. Fig. 3c ) leads to the generation of surfactants from the residual oil.
408
These reduce the oil-water interfacial tension (IFT), and also the oil-water contact angle to 409 yield more water-wet conditions. When crude oil is contacted by the low salinity water with 410 elevated pH, the acid components in the oil are saponified. (e.g. Fig. 6a ).
421
Contrary evidence: Although effluent oil-brine IFT has been observed to decrease (from c. did not occur (e.g. Fig. 3d ; see also consistent with the requirements of their model (e.g. Fig. 3a,b) . optimal, yet kaolinite is closely associated with the LSE and has relatively low CEC (Table 2) . predicting the dilution required to ensure desorption and associated LSE has been published.
545
The ∆pH model does not explain those coreflooding experiments where pH change was 546 recorded and the other LSE requirements were met, but no LSE was observed. leading to the LSE. It is well known that at low to moderate salinity, the thickness of the diffuse 552 part of the electrical double layer at mineral-brine interfaces increases with decreasing ionic 553 strength. Likewise, the zeta potential, which is a measure of the electrical potential at the so-
554
called shear plane where the electrical charges are mobile (see Fig. 11 ), also increases with where C is the molar concentration (or molarity, in mol·L -1 or M) and z is the valency of ionic 561 species j (Fig. 12d) . Note that the ionic strength can be increased either by increasing the 
585
Supporting evidence: The available evidence and models suggest that DLE, and a 586 commensurate increase in zeta potential, occurs when the ionic strength of the brine is reduced, 587 so long as the ionic strength is not too high and the pH is not close to the isoelectric point at (1) and (2) show that increasing the valency of the ions can have a similar effect on DLE as 597 increasing the concentration (Fig. 12b) However, as surface charge was not measured, the mechanism cannot be determined.
662
At present, the ∆pH and MIE mechanisms are difficult to reconcile, as the former requires drops to a minimum at a critical salinity (Fig. 13b) . Fig. 3a,b) , which suggests the failure lay with the initial rather than the flooding 759 conditions, but this is inconsistent with the measured initial wettability, and also the numerous given reservoir. Furthermore, the available evidence supporting many of the conditions 776 currently believed to be necessary is not compelling.
777
The outstanding research question now is to identify the pore-and mineral-scale mechanism(s) 
793
A common feature of all three proposed mechanisms is that they will lead to changes in zeta Table 1 ; (d) Nasralla and Nasr-El-Din (2014), for details see the top row of PID 20 in Table 1 .
1202
Also shown are examples where injecting brine of higher salinity yielded increased recovery
1203
(plot (e), data from Tang and Morrow, (1997), for details see the top row of PID 31 in Table   1204 1) and where injecting brine of the same ionic strength but containing no divalent ions yielded Table   1206 1). Secondary mode refers to injection of low salinity brine into rock saturated with oil and 1207 connate brine of higher salinity at the irreducible saturation; tertiary mode refers to the injection 1208 of low salinity brine into rock containing oil and brine of some higher salinity (such as 1209 seawater, aquifer brine or formation brine) which has been used to displace the oil in a 1210 preceding waterflood. 
